Introduction
Cosmological observations have demonstrated that approximately 80% of the matter content of the Universe is comprised by a new particle (or particles) not contained in the Standard Model (SM), the dark matter (DM) particle. Despite the overwhelming evidence for the existence of this new particle, its properties are still largely unconstrained by observations (for reviews, see Refs. [1] [2] [3] [4] [5] ). In fact, many particle physics candidates have been proposed in the literature, with very disparate masses and interaction cross sections with ordinary matter, and shown to have an abundance today compatible with the Planck determination of the DM density Ωh 2 = 0.1199 ± 0.0027 [6] .
Among the myriad of DM candidates proposed, weakly interacting massive particles (WIMPs) stand as one of the most plausible DM candidates. WIMPs are assumed to be stable in cosmological time scales and to interact in pairs with SM particles. At very high temperatures, this interaction keeps WIMPs in thermal equilibrium with the SM particles. In particular, when the temperature of the Universe drops below the WIMP mass, the WIMP number density per comoving volume exponentially decreases. This catastrophic depletion of DM particles continues until the expansion rate of the Universe becomes larger than the annihilation rate. Below this temperature, and due to the expansion of the Universe, the average distance between WIMPs becomes so large that annihilations occur very rarely and, therefore, the WIMP number density per comoving volume remains practically constant until today, i.e., it freezes-out, constituting the DM population we observe in our Universe.
Immediately after the WIMP freeze-out, the DM distribution was roughly homogeneous and isotropic throughout the whole Universe, except for small density fluctuations generated by the inflaton field [7] [8] [9] [10] . Numerical N-body simulations show that the overdensity regions accrete the DM located in their surroundings and seed the formation of larger and larger structures (see, e.g., Refs. [11] [12] [13] [14] ). The baryonic matter, also distributed roughly homogeneously and isotropocally at very early times, followed the gravitational potential wells generated by DM, forming structures which are identified with galaxies and clusters of galaxies. In these regions, the density of DM particles is orders of magnitude larger than the average matter density and their annihilations open the possibility of detecting the DM particles via the identification of their annihilation products over the expected backgrounds [15] [16] [17] .
In this paper we focus on the possibility of detecting the neutrinos which are produced in WIMP annihilations. The closest region to the Earth where an overdensity of WIMPs is generally expected, and which constitutes a prime target for DM detection, is the Sun . DM WIMPs scatter with the matter in the solar interior, lose energy and eventually sink to the solar core. The number of DM particles captured inside the Sun depends on their scattering cross section with nucleons, hence the non-observation of a high energy neutrino flux correlated to the direction of the Sun allows setting upper limits on this quantity. Searches have been conducted by the SuperKamiokande [39] (see also Refs. [31, 34, 35] ), IceCube [40] , Baksan [41] and ANTARES [42] collaborations, with null results. Remarkably, for annihilation channels producing a hard neutrino spectrum, such as W + W − or τ + τ − , and at low masses for searches with MeV neutrinos [34, 35] , the limits on the spin-dependent interaction cross section are more stringent than those reported by the most sensitive current direct detection experiments probing the same interaction, SIMPLE [43] , PICASSO [44] and COUPP [45] . Other stars in the Milky Way are also sources of high energy neutrinos, however their large distance to the Earth makes their detection very challenging in practice.
Another prime target for DM detection is the Milky Way center. Despite being located at about 8.5 kpc from the Earth, this is the region of the galaxy with the highest DM density. The large neutrino luminosity can then compensate the large distance between the galactic center and the Earth, representing a potentially observable signal [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . The non-observation of a significant excess of high-energy neutrino events in the direction of the galactic center with respect to the expected backgrounds allows setting rather stringent limits on the annihilation cross section of DM particles with masses in the range 100 GeV-10 TeV [61] [62] [63] [64] [65] . At even larger distances from the Earth, the next targets for neutrino detection are the Milky Way satellites, other galaxies in our local cluster and galaxy clusters [66] [67] [68] [69] . A search for the neutrinos produced in DM annihilations in several dwarf galaxies, the Andromeda galaxy, as well as in the Coma and Virgo clusters was conducted in Ref. [70] , resulting in limits on the annihilation cross section which are complementary to the limits from the observations of the galactic center. Finally, high energy neutrinos could be searched for in the diffuse extragalactic background [17, 71] , which is the goal of this work. In particular, we focus on searches with km 3 Čerenkov neutrino telescopes like ANTARES and IceCube.
In the theoretical paradigm of hierarchical structure formation, initial gravitational instabilities constitute the seeds for the formation of cold DM (CDM) halos, which dragged baryons into their potential wells where galaxies and clusters of galaxies formed. Numerical CDM N-body simulations have proven to be crucial for understanding structure formation in the Universe, both to study structural properties of individual halos and to determine the abundance of halos as a function of time and mass. These simulations reveal the existence of a population of halos, even at high redshifts, where DM annihilations took place. The neutrino luminosity from a single halo depends on the total mass of the halo and on the distribution of DM particles within it. The combined neutrino emission from all halos at all redshifts produces a perfectly isotropic neutrino flux that could be detected at the Earth over the atmospheric neutrino background [17, 71] . Nevertheless, these simulations only cover a limited range in halo masses and redshifts, so the calculation of the neutrino flux relies on extrapolations, which could incur large uncertainties. Despite this, for neutrino telescopes not directly observing the galactic center, as is the case of IceCube, the sensitivity to DM annihilations from observations of the cosmic diffuse neutrino signal could be competitive with the one from observations of the galactic center. In this paper we estimate the future sensitivity to the DM annihilation cross section from the cosmic diffuse neutrino signal with km 3 neutrino telescopes, with emphasis on the astrophysical uncertainties on the limits. The paper is organized as follows. In Section 2 we describe the calculation of the isotropic neutrino flux and discuss the various relevant uncertainties. In order to approximately bracket these uncertainties and the differences obtained with various simulations and extrapolations, we consider several parametrizations for the concentration parameter of individual halos and for the halo mass function. We also consider the neutrino flux from the Milky Way and compare it with the cosmic diffuse neutrino signal. In Section 3 we describe the two type of events in neutrino telescopes we consider in this work: through-going muon events and showers. Using a simplified modeling of the detector, in Section 4 we discuss the sensitivity to the DM annihilation cross section a km 3 neutrino telescope could achieve after 10 years of data-taking. Finally, in Section 5 we draw our conclusions.
Neutrino fluxes
Numerical CDM N-body simulations have demonstrated that the density fluctuations in the distribution of DM particles in the very early Universe seed the formation of DM halos, where the annihilation rate can be enhanced and which therefore constitute prime targets for DM detection. The density distribution in one individual halo is commonly described by the Navarro-Frenk-White (NFW) profile [72, 73] :
where r is the radial coordinate, r s is the scale radius, defined as the distance to the center of the halo for which the logarithmic slope of the profile satisfies d log ρ d log r rs = −2, and ρ s is the DM density at the scale radius. This profile is completely specified by two independent parameters. One can use ρ s and r s , or for instance, use the total halo mass M and the concentration parameter c, which we define below. It should be borne in mind that recent works [74] [75] [76] [77] [78] [79] [80] have shown that a spherical Einasto profile [81] , with three independent parameters instead of two, provides a better description of spherical CDM halos than the NFW profile [72, 73] . Nevertheless, since most studies of the evolution of structural parameters for CDM halos use a NFW fit, this is the choice we adopt in our analysis (moreover, the few studies employing the Einasto fit present larger fluctuations [82] ).
There are two main approaches to identify DM halos in N-body simulations: through the friends-of-friends (FOF) finder [11] or through the spherical overdensity (SO) algorithm [83] . With the FOF finder, the particles in the simulation are linked together if the distance to the nearest group member is smaller than a fraction of the mean distance between particles (the linking length). On the other hand, the SO algorithm fixes the shape of the halos to be spherical 1 , with some differences among the various SO approaches stemming from the determination of the center of the halo. The FOF algorithm has the advantage that the halo shape is not fixed a priori, however, it can spuriously link halos by a bridge of particles. In our analysis we consider results obtained with the SO algorithm. In this approach, a DM halo at redshift z is characterized by one parameter, the overdensity ∆(z) with respect to the critical density at that redshift, ρ c (z). Then, a sphere of radius r ∆ around the halo center contains a mass
Various choices of the overdensity parameter have been considered in the literature. Halos are usually defined either with a fixed value for the overdensity, normally ∆(z) = 200, or using the virial overdensity based on spherical collapse, which depends on the details of the cosmology model as well as on the redshift [88] ,
where
and Ω Λ are the matter and cosmological constant densities at present time normalized to the critical density ρ c,0 = 1.05 h 2 × 10 −5 GeV cm −3 . Note that when adopting ∆(z) = 200 for the overdensity, the time dependence of the halo mass follows only from ρ c (z), in contrast to the choice ∆ vir (z).
The annihilations of DM into SM particles occurring in these overdensity regions generate a neutrino flux that could be detected at the Earth. To calculate the total cosmological diffuse neutrino flux we first consider the contribution from a single halo with total mass M and concentration parameter c, located at the comoving distance χ(z). Disregarding for the moment the effect of neutrino oscillations, the differential flux of neutrinos with flavor β reads:
where συ is the averaged DM annihilation cross section times relative velocity in the pair, m DM the DM mass, and dN ν β ,i /dE is the differential energy spectrum of neutrinos of flavor β per annihilations into the channel i, with branching ratio Br i . In this formula, E 0 is the energy received at the Earth and E = E 0 (1 + z) is the energy at the source. To calculate the spectrum at the source, we make use of the results presented in Ref. [89] , which were computed using PYTHIA 8.1 [90] and include electroweak corrections [91] . We also assume DM annihilations with 100% branching fraction into some exemplary channels, in order to cover a wide class of DM models. The differential flux can also be cast as:
In a spherical shell with comoving distance between χ and χ+dχ there exists a population of halos with different masses and concentration parameters. The comoving number of halos in the interval of mass [M, M + dM ] is parametrized by the halo mass function dn(M, z)/dM . In order to compute the cosmological signal from DM annihilations it is then necessary to include the contribution from all halos at all redshifts. On the other hand, most numerical Nbody simulations explore rather narrow mass and redshift ranges, M ∼ (10 10 − 10 15 ) h −1 M and z < 2−5, thus incurring large uncertainties in the predictions of the neutrino flux from the extrapolations, both in mass and redshift, of the halo mass function inferred from simulations. In particular, it is necessary to include the contribution from the smallest halos, which are presumably very copious in our Universe. It has been shown that the free-streaming of DM particles from high to low density regions [92] and the effect of acoustic oscillations [93, 94] generate an exponential cutoff in the power spectrum, which translates into a minimum halo mass. Nevertheless, and due to the dependence of these processes on the particle physics and cosmological models [95] [96] [97] , the value of the minimum halo mass is poorly constrained and lies in the wide range M min = 10 −11 − 10 −4 M ; in our analysis we set the minimum mass to M min = 10 −6 M . Various choices for the halo mass function presented in the literature are compiled in Subsection 2.2. Furthermore, the distribution of concentration parameters, P (c), is assumed to follow a log-normal distribution [98] (see, however, Refs. [79, 99, 100] ),
where c ∆ (M, z) is the center value of the concentration parameter for a DM halo with mass M at redshift z, which is discussed in Subsection 2.1. For the dispersion we conservatively adopt σ log 10 c ∆ = 0.2 [98, 101] (smaller values have been found in Refs. [80, [102] [103] [104] ). Then, the neutrino flux originated from DM annihilations in halos in a comoving volume at the comoving distance χ(z) is
This expression can be cast as
where the enhancement factor over all halos at a given redshift is given by [16] 
The contribution from all halos is obtained integrating over all comoving distances. The result is [16] 
where we have integrated up to z max = 20 and we have used dχ = dz/H(z), with
the Hubble parameter as a function of redshift. Here,
is the Hubble parameter at the present time (we have set the contribution from curvature to zero, Ω k = 0).
So far we have neglected the neutrino flavor conversion during propagation due to the leptonic mixing. Over cosmic distances, the neutrino mass eigenstates undergo many cycles of flavor oscillations. Hence, the effect of oscillations averages out and the neutrino flavor at the Earth is practically independent of the distance traveled. Then, the flux of neutrinos of flavor α that reaches the Earth, including the effect of oscillations, finally reads:
where U is the leptonic mixing matrix and the flux dφ ν β /dE 0 w/o osc. , without including neutrino oscillations, is given by Eq. (2.12). For the numerical analysis we use the latest νfit results [105] (see also Refs. [106, 107] ).
Concentration parameter
There are basically two ways to determine the concentration parameter from N-body simulations [14, 72, 73, 79, 80, 82, [98] [99] [100] [101] [102] [103] [104] [108] [109] [110] [111] [112] [113] [114] [115] [116] . On one side, one can fit the density profiles of the resolved halos with a given profile and obtain r ∆ and r s and from there, define c = r ∆ /r s . On the other hand, instead of the mass, one can use the maximum of the circular speed, which does not depend on the density profile, and relate it to a particular density profile in order to extract c [14, 82] . Although, these methods give very similar results at low redshifts, the latter systematically predicts ∼15% larger concentrations at high masses and redshifts [80, 82] . Moreover, it has been pointed out that it could be affected by transient features which would tend to overestimate c [117] . Current analyses of the halo concentration show that, within the limited mass and redshift ranges of simulations, ∼ 10 10 −10 15 h −1 M and z < 2−5, the concentration parameter decreases with the halo mass and redshift. Beyond these ranges, the concentration parameter is presumed to have a similar dependence with M and z, although several extrapolation procedures have been proposed in the literature. In order to approximately bracket the uncertainties and differences obtained with various computations and extrapolations, in this work we consider five parametrizations for the concentration parameter based on the two methods mentioned above.
We use the results for c 200 obtained with the MultiDark simulation (P12) [82] , valid in the range ∼ 10 11 h −1 M − 10 15 h −1 M at z = 0 and based on the maximum circular speed method. They confirm the flattening and upturn in the concentration parameter at high masses and redshifts found a few years ago [14] and show that the concentration parameter can be expressed in terms of σ(M, z). In this way, the dependence on the cosmological parameters is automatically included, simplifying the comparison with other works. However, they found this relation not to be universal, but changing with time [80, 82] , in disagreement with Ref. [116] , so an extra redshift dependence was added. A positive feature of this parametrization is that when applying it to the very low end of the mass range, no extrapolation is being performed. Indeed, it has been shown to work well at halo masses as low as 10 −6 h −1 M [118] by contrasting it with recent results on microhalo properties [119] . Table 1 . Values of the parameters used in the simulations we consider to parametrize the concentration parameter c ∆ (M, z). Note that for B01 we use a modified K parameter, which best matches Planck cosmology [80] . We also consider other two results using the method based on fitting the density profile [80, 114] . The mass range is similar in both cases, ∼ 10 10 − 10 15 h −1 M , but in Ref. [114] (MC11) the redshift range is z < 2 and the results of Ref. [80] (DM14) are valid up to z = 5.
In both cases, the evolution of the concentration-mass relation is well fitted by a power-law,
and we use the results of the fits for c vir ≡ c ∆ vir in both cases and that for c 200 in DM14. These works have some differences in the assumed cosmological parameters, which are known to affect the structure of halos in a non-negligible way [104] . Whereas MC11 used WMAP5 parameters, DM14 used Planck results. Thus, a slightly lower concentration is predicted in MC11. Let us also note that DM14 did not confirm the physically well motivated upturn in the evolution of the concentration parameter at high redshifts and masses found in other works such as P12 [14, 82] . Finally, we also consider the Bullock et al. model (B01) [101] but with a modified K parameter [104] that provides the best-fit for the Planck cosmology, K = 4.2 [80] . This parametrization is obtained for c vir and its time evolution is inversely proportional to (1 + z).
All the cosmological parameters adopted in the five simulations we consider are given in Tab. 1. In Fig. 1 , using the NFW parametrization, we show the single halo enhancement ξ 2 M , Eq. (2.7), as a function of the halo mass M (in the range of masses we consider) and for three values of the redshift, z = 0, 2, 5, for the five parametrizations we discuss.
The halo mass function
The number of halos per unit mass as a function of mass and redshift is parametrized by the comoving halo mass function [120] , 15) where the function f (σ) represents the fraction of mass that has collapsed to form halos per unit interval in ln σ −1 and, if all the mass is assumed to be inside halos, it verifies f (σ)d ln σ −1 = 1. Here, σ(M, z) is the root mean square (rms) density fluctuation, in linear theory, in spheres containing a mean mass M , 16) where W (kR) is the window function and we consider a spherical top-hat window on scale R 3 = 3 M/4πρ m,0 ; P (k) is the matter power spectrum computed using the code provided with Ref. [121] ; and D(z) is the growth factor which we approximate as [122, 123] 
with
The determination of the halo mass function from observational data is challenging [124] [125] [126] [127] . Nevertheless it can be inferred from N-body simulations and analytical models. The first analytical attempt was developed by Press and Schechter [128, 129] , who assumed that the fraction of mass in halos more massive than a given mass is related to the fraction of the volume in which the smoothed initial density field is above some threshold. However, this model systematically underpredicts the number of halos at high masses and redshifts and overpredicts it for low masses at low redshifts [12, [130] [131] [132] . Extending the spherical Table 2 . Parameters used in the simulations we consider to parametrize the halo mass function f (σ, z).
collapse model to an ellipsoidal collapse improved considerably the fits [133] [134] [135] . The mass function introduced by Ref. [133] (ST), using the GIF simulations [136] , is determined from the function
with a = 0.75, q = 0.3 and A = 0.322 and where δ c = 1.674 is the critical overdensity required for collapse at z = 0 [137] [138] [139] [140] . In Ref. [120] , it was suggested that the halo mass function could have an universal form in terms of the rms of matter fluctuations, σ(M, z). However, although the proposed parametrization leads to some improvements over that of ST, it cannot be extrapolated beyond the range where the fit was performed. It was later shown that, although small, the departures from universality in redshift were not negligible [141] . Nevertheless, the size of these deviations depend on the used halo finder, being larger for computations based on the SO algorithm, which tend to predict fewer halos [142] . Several other fitting functions have been proposed using the results of numerical Nbody simulations [131, 132, [142] [143] [144] [145] [146] [147] [148] [149] [150] . In this work, in addition to that of ST, we consider the parametrizations of Ref. [142] , with the results, based on the simulations with the SO algorithm, of Ref. [142] (T08) and Ref. [132] (W13).
In the work of T08, the halo abundances are calibrated in the mass range ∼ 10 11 − 10 15 h −1 M up to z 2, and the function f (σ), computed for overdensities in the range 200 ≤ ∆ ≤ 3200, is parametrized as [142] 19) where the functions A(z), a(z), b(z), and γ were parametrized as a simple scaling of the z=0 fitting parameters as [142] , for a given ∆ is given by [132] 
where All the cosmological parameters adopted in the three simulations we consider are given in Tab. 2. In Fig. 2 we show the parametrization of the mass function f (σ, z) as a function of the halo mass and at three redshifts, z = 0, 2, 5 for the three simulations we consider. [133] ∆ vir IV B01 [101] ST [133] ∆ vir V DM14 [80] T08 [142] 200 VI DM14 [80] ST [133] ∆ vir VII DM14 [80] W13 [132] 200 Table 3 . Combinations of parametrizations for c ∆ (M, z) and f (σ, z) considered in this work in order to estimate the enhancement factor ξ 2 (z). 
Uncertainties in ξ 2 (z)
Once we have all ingredients to compute the neutrino flux, in this section we show the results for the enhancement factor for different combinations of parametrizations for c ∆ (M, z) and f (M, z). As we are using simulations which use either an overdensity ∆(z) = 200 or ∆(z) = ∆ vir (z), not all pairs of results can be combined in a consistent way. Therefore, we consider seven combinations for the concentration parameter and the halo mass function, which are indicated in Tab. 3.
In Fig. 3 , we plot the enhancement factor (∆(z)ρ c (z)/ρ m,0 ) ξ 2 (z)/h(z), Eq. (2.11), as a function of redshift, for these seven combinations (left panel) and in addition, we show (right panel) the result of modifying the parametrizations for the concentration parameter by introducing a cutoff in the halo mass, M cut = 10 5 M , such that
Let us note, however, that in the case of P12, for z 3, the concentration-mass relation exhibits a flattening towards low halo masses, so this cut has a smaller effect. As one can see from the left panel, the main differences are driven by differences in the parametrizations of the concentration parameter and how they extrapolate to low masses and high redshifts. The results with the combinations III, V, VI and VII are very similar. They include the three parametrizations for the halo mass function, whereas they only consider parametrizations for the concentration parameter (MC11 and DM14) which represent approximately a linear relation in the log 10 c ∆ − log 10 M plane and the concentration grows with mass at low redshifts. On the contrary, P12 and B01 present a flattening at low masses (more pronounced for P12 due to its dependence on σ(M, z), which also presents a flattening at low masses) and hence, the combinations I, II, IV produce a similar redshift dependence, although for IV, (∆(z)ρ c (z)/ρ m,0 ) ξ 2 (z)/h(z) is a factor of a few larger than for I and II at all redshifts. In the right panel, we also show the results when a cut M cut = 10 5 M is introduced for c ∆ (M, z), as described above. In this case, the results with all combinations are much more similar (within an order of magnitude at all redshifts), which shows the impact of extrapolations well beyond the range probed by the simulations. As mentioned above, the effect of this cut at low redshifts in the case of P12 (and also of B01) is much smaller than for MC11 and DM14, which results in making all results alike.
Finally, let us note that in this paper we have not included the effect of substructure within halos. As the DM annihilation signal is proportional to the square of the DM density, the existence of subhalos within larger halos may boost this signal. In fact, this boost factor is estimated to be larger for larger halos, where more substructure is expected [118, [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] . Nevertheless, in general, the cosmological flux from DM annihilations is dominated by the more numerous low-mass halos [16] and hence, the impact on the final flux is expected to be moderate. Bearing in mind the large uncertainties from the modeling of the smooth signal, we decide not to include the substructure boost. In this regard, our results are conservative.
In the rest of the paper, we use two of the above combinations as representatives of our results. On one side, we consider the combination VII as an upper limit for the enhancement factor, whereas on the other side, we take the combination I to represent the parametrization predicting the smallest enhancement 2 .
The Milky Way contribution
In this paper we consider the cosmological signal to be the only contribution to the neutrino flux from DM annihilations. Nevertheless, there exists another contribution, potentially dominating the cosmological signal, stemming from DM annihilations in the halo of our own galaxy. We consider the Milky Way dark matter halo to be described by the NFW profile, Eq. (2.1), with r s = 20 kpc and with a local DM density ρ(R ) = 0.4 GeV cm −3 , where R = 8.5 kpc is the distance from the Sun to the galactic center.
The differential energy flux, neglecting neutrino flavor mixing, in the direction forming an angle ψ with respect to the galactic center is given by
29)
2 Although at high redshifts ξ 2 (z) is smaller for VII than for I, note that the main contribution to the neutrino flux comes from low redshifts. Let us also notice that the parametrizations used in I depend on σ(M, z) so, in principle, a cut in the concentration parameter for low masses is not fully justified. In any case, the differences are at the level of a factor of a few. where r( , ψ) = R 2 − 2 R cos ψ + 2 . The effect of neutrino oscillations can be included using Eq. (2.13).
We compute the average flux in a solid angle ∆Ω = 2π (1 − cos ψ) and in the logarithmic energy bin ∆ log 10 E 0 = log 10 (m DM /E 0 ) = 0.3, and in Fig. 4 we compare the angular dependence with respect to the direction of the Milky Way center of the galactic and the extragalactic neutrino signals (assuming DM annihilations into νν) for our two representative combinations for the enhancement factor, I and VII. In order to calculate the fluxes, we assume σv = 3 × 10 −26 cm 3 s −1 and m DM = 1 TeV, although the relative size of the halo and the extragalactic components depends little on this choice.
As apparent from the plot, close to the galactic center the total neutrino flux is dominated by the halo component. Nevertheless, at large angular distances the extragalactic component amounts to at least ∼10% of the total flux. Furthermore, depending on the structural properties of the individual halos and on the abundance of halos as a function of mass and redshift, the extragalactic component can provide the largest contribution to the flux at large angular distances from the galactic center.
Event spectra in neutrino telescopes
In neutrino telescopes, neutrinos are detected via neutrino-nucleon interactions which take place either inside or outside the detector. In the case of muon neutrinos (and antineutrinos), they can interact via a charged-current (CC) interaction and produce a muon outside the instrumented detector, which could enter the detector and be detected as a through-going track event. On the other hand, showers are produced via CC interactions of electron or tau 3 neutrinos (and antineutrinos) and via neutral-current (NC) interactions of all neutrino flavors. In this work, we consider these two types of events in km 3 Čerenkov neutrino telescopes such as IceCube, ANTARES or the future KM3NeT and we evaluate the reach of these detectors to set limits on the DM annihilation cross section using the cosmic signal after 10 years of data-taking.
Through-going muons
When neutrinos interact via CC interactions with the nucleons in the surrounding material of the detector, the generated muons can travel up to the detector, which enhances the effective detector area for high-energy muon neutrinos. In their passage through the material, such muons lose energy before they reach the detector. The muon average energy loss over a distance dx during their travel through a medium with density ρ, is given by
where α(E µ ) describes the ionization energy loss and β(E µ ) accounts the energy loss due to bremsstrahlung, e + e − pair production and photonuclear interactions. These quantities vary very smoothly with energy and we approximate them as constants, α 2 × 10 −3 GeVcm 2 /g and β 3 × 10 −6 cm 2 /g.
The initial muon energy at its production point, E i µ , and the final energy, E µ , of a muon when it is detected after traveling a distance x in a surrounding material of the detector, are related as 2) and the average range after which the muon energy drops below a detector threshold energy E th is given by 4
In addition, taking muon decay into account, the probability for a muon to arrive at the detector is given by [50] P
where Γ = m µ /(τ µ αρ), and m µ and τ µ are the muon mass and lifetime, respectively. The induced flux of through-going muon events can be obtained by convoluting the incoming neutrino flux with the differential neutrino cross section and taking into account the shift to lower energies due to energy losses during the propagation in the surroundings of the detector 5 . The result is [50, 54] 
where E i µ is given in Eq. (3.2), while n p = ρN A Z/A and n n =ρN A (1− Z/A ) are the number density of protons and neutrons, respectively, with N A the Avogadro number, ρ the density of the material and Z/A the average ratio of the proton number and the mass number, which we take Z/A = 8/18 as is the case of water or ice. Besides, the CC deep inelastic differential cross section, dσ p,n ν /dE µ is approximately given by [166, 167] dσ νp,n CC . The differential induced-muon rate in the detector, dN µ /dE µ dt, is then calculated multiplying the induced flux of through-going muons, Eq. (3.5), by the effective area A µ (E µ ), which is defined as the ratio of the rate of reconstructed events and the muon flux and includes the geometry of the detector and the detection efficiency. This area is similar to the geometrical area, although it has some energy dependence. For simplicity, we assume in this work an effective area A µ (E µ ) = 1 km 2 . Furthermore, in order to avoid the huge atmospheric muon background, we do not include downgoing contained muon events and only take into account the events produced by upward-going neutrinos, as described above. Therefore, we integrate in a solid angle of 2π.
Lastly, we include the energy resolution for tracks,
where E µ and E mes µ are the true and the measured energies, respectively, and σ log 10 Eµ = 0.3 [168] . Finally, the measured differential muon rate reads:
where, in this simplified analysis, we have taken an energy threshold of 100 GeV. The predicted through-going event spectra for the exemplary annihilation final states W + W − , µ + µ − , bb and νν = (ν eνe + ν µνµ + ν τντ )/3 are shown in Fig. 5 , for m DM = 1 TeV and assuming the thermal value for the annihilation cross section, συ = 3 × 10 −26 cm 3 /s, along with the expected background spectra due to the atmospheric neutrino flux. In the plots we have taken logarithmic bins of equal size to the 1σ energy resolution. . We also show the expected background spectrum due to atmospheric neutrinos (dotted lines). Note that, because of the choice of the bin size, the last bin goes over 1 TeV.
Showers
Neutrino-nucleon interactions occurring inside the detector also produce shower-like events. The CC deep inelastic interaction of an electron neutrino (or antineutrino) off a nucleon produces a recoiling hadronic shower along with an electromagnetic shower caused by the propagation of the outgoing electron (or positron). On the other hand, the CC deep inelastic interaction of a tau neutrino (or antineutrino) off a nucleon similarly produces a hadronic shower and accompanying tau, which at the energies of interest for this analysis, promptly decays in the detector and produces another shower 6 (electromagnetic or hadronic, depending on the tau decay channel). Therefore, we assume that both, CC interactions of electron and tau neutrinos, deposit all the neutrino energy in the detector, which would allow a better reconstruction of the initial neutrino spectrum. Finally, showers are also produced via NC deep inelastic interactions of all neutrino (and antineutrino) flavors, although in this case, the outgoing neutrino is not detected and thus, only the recoiling hadronic shower is observed. Therefore, the total rate of shower events per unit detector volume is given by [54] 
where the total cross-section for CC/NC interactions is approximately given by [166, 167] NC (E ν l , E sh )/dE sh is defined analogously to Eq. (3.6), with E sh = E ν l − E l . Shower events are all contained events. Thus, in this analysis we consider the effective volume to be approximately equal to the geometrical volume of the detector, V eff = 1 km
Similarly to the through-going events, dN sh /dE sh dt is the differential rate in terms of the true energy, E sh . To calculate the differential rate in terms of the measured energy, E mes sh , we include the energy resolution for showers, R sh (log 10 E sh , log 10 E mes sh ) = 1 σ log 10 E sh √ 2π e − (log 10 E sh −log 10 E mes sh ) 2 2 σ 2 log 10 E sh , (3.11)
with σ log 10 E sh = 0.18 [168] . Therefore, the measured differential shower rate is given by where we assume a shower energy threshold E th = 100 GeV. The predicted shower event spectra for the four channels we consider in this paper are shown in Fig. 5 , for m DM = 1 TeV and assuming the thermal value for the annihilation cross section, συ = 3 × 10 −26 cm 3 /s, along with the expected background spectra. We take logarithmic bins of equal size to the 1σ energy resolution.
Future sensitivity to the dark matter annihilation cross section
Here we present two simplified statistical analyses to forecast the future reach of neutrino telescopes to set limits on the cosmic DM annihilations. We present results for 10 years of data-taking, for four exemplary channels, W + W − , µ + µ − , bb and νν = (ν eνe +ν µνµ +ν τντ )/3, and for the two selected combinations for the enhancement factor ξ 2 (z), I and VII, as discussed above.
In order to set these limits, the potential signal has to be compared with the expected background. At GeV-TeV energies, the main source of background, for the type of events discussed in this work, is the conventional flux of atmospheric neutrinos, which is originated after the interactions of cosmic-rays with the nuclei of the atmosphere and the subsequent decay of the produced pions and kaons. Indeed, at energies above ∼100 GeV, the atmospheric neutrino flux is dominated by kaon decays, even though the number of kaons is smaller than that of pions at production. This can be understood from the fact that most of the energy of the pions goes to the muon, whereas in the case of kaons it is approximately equally split between the daughter muon and neutrino. Let us note that, although at energies below a few GeV the naïve ratio at production ν µ /ν e 2 holds, at higher energies not all muons decay before reaching the ground and hence, that flavor ratio grows with energy. This has important consequences: the expected background for showers is smaller than that for through-going muon tracks, so the signal-to-noise ratio is larger for showers, as has already been pointed out [53, 59] and we will see next. Finally, whereas electron neutrinos have no time to oscillate from the production point in the atmosphere to the detector, oscillations of atmospheric muon neutrinos into tau neutrinos do take place, in particular at energies below a few hundreds of GeV. Thus, we take them into account as done in Ref. [54] . In this work, we take the conventional atmospheric neutrino fluxes from Ref. [169] and include the contribution from charmed meson decays to the tau neutrino flux, which is the dominant one, using the parametrization of Ref. [170] .
First we consider an aggressive analysis, for which we only assume statistical errors. Therefore, we define a χ 2 as
where S i (m DM , συ ) and B i are the signal and background events in the energy bin i. Then, we also include systematic errors on the atmospheric neutrino-induced events and perform a conservative analysis, following that in Ref. [171] . We restrict the DM signal to be smaller than the expected background (within errors) in all energy bins. The limit on the annihilation cross section συ is obtained by finding the bin i with the largest signal/background ratio and equating it to 1,
where we assume a 30% systematic error on the normalization of the atmospheric neutrino flux, ε = 0.3, and n = 1.28 correspond to a 90% confidence level (C.L.) for an one-sided limit.
In Fig. 7 we show the limits on the DM annihilation cross section in the mass range m DM = [100 GeV, 10 TeV] for the case of through-going muon events, at 90% C.L. The upper panels represent the results for the aggressive analysis and should be regarded as the most optimistic case for the setup we consider. The conservative limits are depicted in the lower panels. For both analyses, the limits are shown for the enhancement factors I (solid lines) and VII (dashed lines). In the left panels, the limits for DM annihilations into νν (black lower lines) and bb (red upper lines) are shown, whereas in the right panels, we show the limits for DM annihilations into µ + µ − (black lower lines) and W + W − (red upper lines). Note that in the most optimistic case, annihilations into νν (the hardest neutrino spectra) and enhancement factor I, the aggressive limit is about an order of magnitude above the thermal value for the annihilation cross section, for most of the mass range. The limits for the µ + µ − and W + W − channels are similar to each other, for both produce relatively hard neutrino spectra, whereas the limits for the softest spectra of the four considered, DM annihilations into bb, is the weakest. The uncertainties on the computation of the enhancement factor imply differences in the limits of up to two orders of magnitude, mainly coming from the differences in the way the results from N-body simulations are extrapolated to low masses and high redshifts.
In Fig. 7 we also depict the current IceCube and ANTARES 90% C.L. limits of DM annihilations for track events with neutrinos in the direction of the galactic center. Although these neutrinos are down-going neutrinos in IceCube, part of the detector can be used to veto the huge background of atmospheric muons and thus, events with the interaction vertex contained in the fiducial volume can be used for this type of searches. On the other hand, ANTARES, being in the northern hemisphere, does not have this drawback and can actually use through-going muons, with a larger effective area. In Fig. 7 we show the limits with the 79-string configuration in IceCube (contained vertex muons) after 320 days of data (black and red dotted lines) [62] in both panels and, on the right panels, the ANTARES limits (through-going muons) for DM annihilations into τ + τ − after about 1300 days of data (blue dotted lines) [63, 64] . For the conservative analysis and the enhancement factor I, the limits are, in general, worse than those for neutrinos from the galactic center (at least for m DM < 10 TeV). However, with the aggressive analysis or with the enhancement factor VII or with the combination of both, the limits on the DM annihilation cross section with cosmic neutrinos are expected to be better than those obtained with neutrinos in the derection of the galactic center, mainly for large DM masses and especially for IceCube. In the case of ANTARES, only the most optimistic scenario with the most aggressive analysis would allow us to obtain more contraining limits with cosmic neutrinos than with neutrinos from the galactic center. Finally, we also show (double-dot-dashed liness) the unitarity limit [172, 173] . Figure 7 . Aggressive (upper panels) and conservative (lower panels) limits on the DM annihilation cross section at 90% C.L. with through-going events after 10 years of data taking in a 1 km 3 neutrino telescope, for the two selected combinations for the enhancement factor, I (solid lines) and VII (dashed lines). Left panels: Annihilations into νν (black lower lines) and into bb (red upper lines). Right panels: Annihilations into µ + µ − (black lower lines) and into W + W − (red upper lines). We also show the IC-79 90% C.L. limits after 320 days of data (black and red dotted lines) [62] and, on the right panels, shown as well are the ANTARES 90% C.L. limits for DM annihilations into τ + τ − after about 1300 days of data (blue dotted lines) [63, 64] . The unitarity limit [172, 173] is shown as a double-dot-dashed line.
In Fig. 8 we show the limits on the DM annihilation cross section in the mass range m DM = [100 GeV, 10 TeV] for the case of shower events. We use the same notation of Fig. 7 . Nevertheless, IceCube and ANTARES have not presented shower limits with neutrinos from the galactic center, so only our results and the unitarity limit are depicted in this figure. Figure 8 . Aggressive (upper panels) and conservative (lower panels) limits on the DM annihilation cross section at 90% C.L. with shower events after 10 years of data taking in a 1 km 3 neutrino telescope, for the two selected combinations for the enhancement factor, I (solid lines) and VII (dashed lines). Left panels: Annihilations into νν (black lower lines) and into bb (red upper lines). Right panels: Annihilations into µ + µ − (black lower lines) and into W + W − (red upper lines). The unitarity limit [172, 173] is shown as a double-dot-dashed line.
These limits are typically around an order of magnitude better than for the case of throughgoing muons. As we already mentioned, although the effective size of the detector is larger for through-going muons produced in the surroundings of the detector, in the shower analyses, down-going (contained) events are also included and more importantly, the atmospheric neutrino background is about an order of magnitude lower for showers, as can be seen from Figs. 5 and 6. This advantage of showers over tracks has already been noted in previous works [53, 59] , which we confirm.
Conclusions
Numerical CDM N-body simulations are a crucial tool for understanding structure formation in the Universe. In particular, they allow the study the structural properties of individual halos and to predict the abundance of halos as a function of time and mass. Within these halos, DM annihilations take place. The neutrino luminosity from an individual halo depends on the total mass of the halo and on the distribution of DM particles within it. The combined neutrino emission from all halos at all redshifts produces an isotropic neutrino flux that could be searched for at neutrino telescopes [17, 71] . However, the prediction of the neutrino flux suffers from uncertainties, mainly coming from the fact that these simulations only cover a limited range of halo masses and redshifts and extrapolations are necessary.
In this paper, we have estimated the reach of neutrino telescopes, such as IceCube or ANTARES, to detect cosmological DM annihilations after 10 years of data-taking for some selected final states. We have discussed in detail the theoretical uncertainties in the limits associated to the modeling of the cosmological enhancement factor. Concretely, in Section 2, we have considered five different parametrizations of the concentration parameter existing in the literature and have extrapolated the results of numerical N-body simulations to high redshifts and small halo masses (Tab. 1) to compute the enhancement factor for the DM annihilation signal due to individual halos (Fig. 1 ). In addition, we have considered three parametrizations of the halo mass function (the function which describes the abundance of halos as a function of mass and redshift) also derived from N-body simulations (Tab. 2 and Fig. 2) . We have then calculated the cosmological enhancement factor for DM annihilations for various combinations of the concentration parameter and the halo mass function, in order to assess the theoretical uncertainty on this quantity (Tab. 3 and Fig. 3) , which translates into an uncertainty in the cosmic neutrino flux.
In Section 3, we have described the calculation of the event spectra for the two type of events in neutrino telescopes we have considered in this work: through-going muon events and showers. Examples of these spectra, compared to that of the atmospheric neutrino background, are depicted in Figs. 5 and 6.
Finally, using a simplified modeling of the detector, in Section 4 we have estimated the limits on the annihilation cross section after 10 years of data-taking in a Gton-scale neutrino telescope for several exemplary final states, assuming that no signal is observed. We have considered two different analyses: an aggressive analysis, for which we have only assumed statistical errors; and a conservative analysis, for which we have included systematic errors and restricted the DM signal to be smaller than the background in all energy bins. In both cases, our ignorance of the structural properties of the individual halos and on the abundance of halos, mainly at low masses and high redshifts, translates into an uncertainty band in the limits of approximately two orders of magnitude. Our results are shown in Figs. 7 and 8. As has already been pointed out in the context of DM annihilations in the galactic halo [53, 59] , we stress that the sensitivity of neutrino telescopes to the DM annihilation cross section with showers is potentially better than with through-going muon events, because the atmospheric electron and tau neutrino flux is much smaller than the muon neutrino flux at energies above 100 GeV and hence, the signal-to-noise ratio is larger for the case of showers.
Moreover, we have noticed that, despite the uncertainties, for neutrino telescopes not directly observing the galactic center, as is the case of IceCube, the sensitivity to DM annihilations with observations of the cosmic diffuse neutrino signal could be competitive with observations of neutrinos in the direction of the galactic center (Fig. 4) .
